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ABSTRACT 
 
The problem to determine the 3D-contour of objects with all sizes and shapes is a hot topic in diverse fields of 
optical research and engineering. Through the use of the numerical reconstruction of digital recorded holograms, we 
propose a technique to evaluate the 3D contour of objects at least four orders of magnitude larger than the optical 
wavelength. The required 2π-module phase map in any contouring process is obtained by means of phase-difference 
image of two digital reconstructed holograms. These holograms are interferometric recordings from a still object under 
different angle illumination. Our proposal is supported on the theoretical analysis of the contouring system, verified by 
means of numerical results. 
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RESUMEN 
 
El problema de determinar el contorno de objetos 3D de diferentes tamaños y formas es un tópico de gran estudio en 
diversos campos de investigación en óptica e ingeniería. Por medio del uso de la reconstrucción numérica de hologramas 
registrados digitalmente, proponemos una técnica para evaluar el contorno de objetos que al menos son cuatro órdenes de 
magnitud más grandes que la longitud de onda óptica. El mapa de fase módulo-2π requerido en cualquier proceso de 
contorneado es obtenido por medio de la diferencia de imágenes de fase de dos hologramas reconstruidos digitalmente. 
Estos hologramas son registros interferométricos de un objeto estático bajo diferentes ángulos de iluminación. Nuestra 
propuesta es soportada por el análisis teórico del sistema de contorneado verificado por medio de resultados numéricos. 
 
Palabras claves: holografía digital, contorno 3D, diferencia de fase. 
 
1. INTRODUCTION 
 
The key problem considered in interferogram analysis is to determine the intensity-coded phase-difference resulting 
from interferometric experiments. The aims of these interferometric essays range from the study of the micro-
deformation experimented by a silicon wafer in temperature gradient to human body postural studies1. The most accurate 
methods are the several versions of phase-shifting. All of them are based on numerical computation of the phase-
difference through the solution of system of simultaneous equations of three unknown variables; hence at least three 
different interferograms with a phase shift between them are required. 
 
In the today’s optical research, digital holography plays an important role as a tool to numerically compute optical 
wavefronts from digitally recorded holograms. It brings us into a new way to do holography and therefore 
interferometric studies. One of most remarkable characteristics of the digital holography is the possibility to obtain 
amplitude-contrast and phase-contrast images from the recorded holograms, boosting new or enhanced applications. 
Particular importance has the capability to get phase-contrast images; by means of the phase images the 3D contour of 
microscopic objects can be determine with nanometric resolutions2, 3, absolute refractive indices of microscopic objects 
(crystals in suspensions) can be evaluate4, among several more applications. Besides the extensive use the phase images 
in the microscopic domain, when we are dealing with “large” objects its use is very narrow. In this work by “large” 
objects we refer to ones with dimensions at least four orders of magnitude grater than the wavelength of the optical field, 
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so that the phase images of “large” objects are random intensity distribution, essentially due to the object’s roughness is 
comparable to the wavelength of the optical field. For this reason has been possible to obtain 3D representation of 
microscopic objects directly from the phase images but not about “large” ones. Through a point-to-point subtraction of 
phase images of “large” object, that we simply call phase-difference image, we determine the 3D contour of “large” 
objects. We compute the phase difference image of a still object, illuminated with two different angles. This phase-
difference directly provides us a 2π-module phase map from which it is possible to recover the 3D contour of and “large” 
object via conventional algorithms of phase unwrapping5. With this procedure we avoid the need of acquiring more than 
two interferometric registers in the contouring process, reducing computation complexity and of course the elapsed time. 
Based on the description of our experimental setup, we theoretically model our proposal. Then numerical calculations on 
this theoretical model are shown to prove the feasibility of this technique.  
 
2. PHASE-DIFFERENCE IMAGES 
 
Let us consider the experimental 
setup illustrated in Figure 1. A He-Ne 
laser beam is split by the VBS1 variable 
beam splitter into the object and 
reference beam, such that the right 
reference-object beam ratio is 
attainable. An enlarged version of the 
reference beam (RB) is directed to the 
CCD camera by M1, M2 mirrors and by 
the BS2 non-polarized beam splitter. 
The object beam (OB) is sent towards 
the BS3 50-50 beam splitter which 
splits it in equal intensity parts and 
directs those in the M4, M5 mirrors 
directions. The S1 and S2 shutters allow 
us to select the object illumination 
between that coming from M4 or M5. 
Any beam emerging from BS3 is 
enlarged to illuminate the object such 
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rrors, different angle object illumination is achievable. The optical field scattered from the object is mixed with the 
erence beam into BS2 and then recorded by the CCD camera. 
 
The intensity impinging on the CCD camera ( )hh yxI , , called the hologram intensity, is proportional to the squared 
dulus of the superposition of the reference and object optical fields. The coordinates ( )hh yx ,  denote hologram plane. 
nce, if we know the reference wave, by means of an inversion diffraction process of ( )hh yxI , 6, the object optical field 
 be calculated. In most situations the reference wave is a plane wave, then when it illuminates the intensity ( )hh yxI ,  
 diffraction process can be recorded in a plane located at a distance D with coordinates . According to the 
lography theory
( ii yx , )
)
)
7, 8, that diffracted optical field will contain, among others, the information about the object optical 
ld. 
 
Diverse algorithms have been developed to obtain a discrete version of the object optical field at a distance z 
; all of them are based on the calculation of the inverse diffraction process of a discrete version of the intensity 
pinging on the CCD camera, named 
znm ,,
( )lkI , 9. 
 
All the approaches to calculate the object optical field provide it expressed as a complex function of the discrete 
onstruction coordinates  for a particular distance z. This fact allows us to numerically evaluate intensity, 
plitude and phase for this field. The intensity image of the object optical field can be calculated as: 
( nm,
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and the amplitude image is given by the squared root of the of intensity one. In the former equation * stand for the 
complex conjugate and Re and Im denote the real and imaginary part of the complex field , respectively. The 
phase-contrast image of the object optical is be given by  
( znmE ,, )
 
( ) [ ][ ]⎟⎟⎠
⎞
⎜⎜⎝
⎛=
),(Re
),(Im2arctan,
mnE
mnEnmφ ,      (2) 
 
where function arctan2 accounts for the signs of the [ ]),(Im mnE  and [ ]),(Re mnE  in the computation of the tangent 
inverse function, hence the function ( nm, )φ  takes values from -π to π, i.e. this phase image is a 2π-module phase map. 
If the largest height of the object under study is comparable with the wavelength of the optical field, this phase image 
represents a height-map of it, as it is the case in digital holography microscopy3, 4.  
 
Several procedures can be found in the literature to produce a 3D contour of “large” objects by means of digital 
holography10, 11, 12. The most widely utilized techniques rely on the use of illumination with optical sources with multiple 
wavelengths or on the use of laterally displaced illumination to produce fringe projection systems. By taking into account 
the advantage provided by digital holography to directly obtain phase contrast imagines, we envisage a procedure to 3D 
contour “large” objects with the use of single wavelength of illumination and only two holograms from the object under 
study. To this aim let us have a close look at the experimental setup illustrated in Figure 1. Initially, M4 and M5 mirrors 
are placed at the same distance from the centre of the BS3 beam splitter and perpendicular each to other. By tilting the M5 
mirror an angle ∆α/2 in the x’-z’ plane (where the ‘ stands for a coordinate rotation with respect to the illustrated 
reference frame), the beam reflected on it will be angularly displaced by an amount ∆α with respect to that coming from 
M4. Then, the object illumination can be chosen, by means of S1 and S2 shutters, from a couple of object beams OB1 and 
OB2 that make an angle between them controlled by the tilt of M5 mirror. 
 
When the object is illuminated by the OB1 we can calculate a phase image ( ) ( )[ ])cos(,sin2/2,1 ααπφ yxhxyx += . 
If the object is now illuminated by OB2 the phase image will be ( ) ( ) ( )[ ])cos(,sin2/2,2 ααααπφ ∆++∆+= yxhxyx , 
such that the phase-difference image ( ) ( ) ( )yxyxyx ,,, 12 φφφ −=∆  will be given by : 
 
( ) ( ) ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ∆+−⎟⎠
⎞⎜⎝
⎛ ∆+∆=∆
2
sin,
2
cos
2
sin22, αααααλ
πφ yxhxyx .   (3) 
 
The first term of this phase-difference image represents the linear phase provided by the carrier of the system; it is 
totally independent of the object and determines the sensitivity of our procedure. It is controlled by the tilt angle between 
the M4 and M5 mirrors ∆α and by the angle α that OB1 makes with the –z axis. The second term represents the phase 
introduced by the object. This term must be unscrambled from the phase-difference image in order to get the object 
topography, i.e. the height map . According to equation (3), to recover height map , the phase introduced 
by the linear carrier should be subtracted from the phase-difference and thereafter the results should be inverted to obtain 
a positive version of the contour’s object. The recovered contour by this procedure will be affected by a constant factor 
that entirely depends on the geometry of the setup. 
( yxh , ) )
)
( yxh ,
 
When the phase-contrast images ( yx,1φ  and ( )yx,2φ  are calculated from the recorded holograms, they are 2π-
module phase maps, hence attention should be focus in the calculation of the phase-difference image ( ) ( ) ( yxyxyx ,,, 12 )φφφ −=∆ , such that it will be given by 
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and of course it will be a 2π-module phase too. To obtain the absolute phase-difference image, conventional phase 
unwrapping algorithms can be use to remove the 2π-modulation of the phase image4 and obtain the contour’s object. It is 
worth mentioning that due to the random phase introduced in the phase-difference image by the roughness of the object, 
the robustness of the phase unwrapping algorithm will be a key point in the success of the 3D contouring of our “large” 
object. 
 
3. NUMERICAL RESULTS. 
 
In this section we show by means of numerical calculations the feasibility of our proposal to determine the 3D 
contour of a “large” object. The object considered is a semi-sphere of 10 mm of radius illuminated by a green laser beam 
(532 nm). The sphere is attached to a horizontal plane. The illumination angle α was set 23o with respect to the –z  axis 
and the M5 mirror was titled ∆α/2 = 0.090 with respect to M4 mirror. 
 
 
Figure 2. Phase map directly obtained from the reconstructed holograms: A) When the object is illuminated by OB1 and B) by OB2 o. 
The angle between the OB1 and OB2 was ∆α = 0.180 . As expected the phase images are random intensity distribution due to the 
surface roughness of the horizontal plane and the object. 
 
The phase maps for the situation of tilt angle equals 0.090, were calculated and shown in Figures 2.A (OB1) and 2.B 
(OB2), respectively. Not surprising that these phase maps are random distribution between -π and π. This fact is due to 
the roughness of the surface of both, the object and the horizontal plane, is greater than the wavelength of the optical 
field. In this case the individual phase maps do not directly provide information about the object under study; however 
the difference between them, carried out as stated in equation (4), will provide the 2π module phase map about the object 
under study.  
 
 
Figure 3. Phase-difference Image and phase unwrapping: A) The image obtained from the direct subtraction of Figures 2.A and 2.B. 
B) The image resulting of the phase unwrapping of Figure 3.A. 
 
In Figure 3.A we show the phase-difference image resulting of the direct subtraction of the phase-contrast images 
shown in Figure 2. The Figure 3.B shows the result of applying a regular phase unwrapping algorithm to Figure 3.A.  In 
these two images it is noticeable the effect of the linear phase carrier of the system. The left side of the unwrapped image 
(Figure 3.B) is darker than the right side. This is a clear sign that our originally horizontal plane appears inclined in the 
unwrapped image. This apparent inclination of the horizontal plane is due to linear phase carrier of the system. Then a 
simple subtraction of the appropriate linear phase term with the position, leads us to the actual value of the phase. This 
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linear phase with the position can be obtained from the wrapped image via a least square fitting or can be directly 
calculated according the values of α and ∆α, as was mentioned above. After the right phase value is obtained, we take 
into account the geometrical factor for the interferometric system to calculate the actual shape of the 3D object under 
study. Figure 4, represents the 3D object reconstructed from the phase-difference image and as it can seen it is in good 
agreement to the original simulated object: a semi-sphere of 10 mm of radius. 
 
 
Figure 4. 3D reconstruction via phase-difference image: the original simulated object, a semi-sphere of 10 mm of radius is 
successfully reconstructed. 
 
4. CONCLUSION 
The feasibility of the phase-difference images to obtain the 3D contour has been shown through numerical 
calculations of the theoretical proposed model. This method is based on the possibility of getting phase-contrast images 
by means of digital holography. A couple of phase images of a still object are obtained from two holograms recorded 
with different angle illumination. The calculation of point-to-point subtraction of those phase images lead us to a 2π- 
module phase image, which after a regular phase unwrapping procedure allow us to reconstruct the 3D contour of an 
object at least four order of magnitude larger than the optical wavelength. 
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